Summary
Luteinizing hormone (LH) secretory profiles have been determined for the male bovine following castration and steroid replacement therapy. Serum LH concentrations increased approximately threefold during the first week following castration and thereafter remained elevated (6.6 + .7 ng/ml). Castrates not receiving steroid replacement showed a rhythmic pattern of LH release that was of high frequency (mean pulse interval; 85 + 5 min) and high amplitude (mean peak concentration, 11.2 + 1.4 ng/ml). Chronic administration of estradiol-173 via subdermal Silastic implants reduced mean serum LH concentrations (2.1 + .3 ng/ml) and blocked the pulsatile pattern of LH release in all steers. Similar administration of testosterone suppressed mean serum LH and blocked pulsatile LH release in two of four animals. The number 9 of implants used in this study provided physiological concentrations of estradiol (9.8 + Published as Paper No. 6770, Journal Series, Nebraska Agr. Exp. Sta. The authors acknowledge the technical assistance of Jim Green, Cindy Rainbolt, Kathy Sorenson and Kathy Leising and the cooperation of the Univ. of Nebraska and the Nebraska Agr. Exp. Sta. In addition, we gratefully acknowledge Dr. D. J. Bolt, USDA, ARS, Beltsville, MD, for LH antiserum (DJB 3-12/11), Dr. L. E. Reichert, Emory Univ., Atlanta, GA, for purified ovine LH (LER 1065-C2) and the Endocrine Study Section, National Institutes of Health, Bethesda, MD, for the bovine reference standard (NIH-LH-BIO 1.5 pg/ml) and testosterone (4.1 + .2 ng/ml) in systemic blood for the two respective treatment groups. Differences in the LH secretory profiles among testosterone;implanted steers may have been related, in part, to differences in the amounts of steroid not bound to serum proteins. These findings demonstrate that estradiol is a particularly potent inhibitor of pulsatile LH secretion in the male bovine and suggest that gonadal steroid feedback on LH secretion may, in part, be imposed at the level of the hypothalamus. The mechanism for pulsatile LH release is discussed relative to a centrallyqocated luteinizing hormone releasing hormone pulse generator. (Key Words: Luteinizing Hormone Secretion, Steers, Negative Feedback, Testosterone, Estradiol.)
I ntroduction
Castration results in an increase in the frequency of pituitary luteinizing hormone (LH) discharges with a concomitant rise in circulating LH concentrations in rats (Gay and Sheth, 1972) , dogs (Vincent et al., 1979) , rams (Riggs and Malven, 1974) , rhesus monkeys (Plant et al., 1978) and men (Santen and Bardin, 1973) . The changes in the dynamics of LH secretion after castration are attributed to removal of negative feedback signals normally imposed by gonadal steroids (Schanbacher, 1980a ). Testosterone appears to be the steroid primarily responsible for regulating LH secretion in the ram (D'Occhio et al., 1982b) ; however, long-term castrated rams (Edgerton and Baile, 1977) , bulls (D'Occhio et al., 1982a) and rhesus monkeys (Winters et al., 1981) show an insensitivity to androgen feedback. Estradiol, on the other hand, is effective in suppressing LH in long-term castrated rams (Schanbacher and Ford, 1977) and bulls (D'Occhio et al., 1982a This article is a U.S. government work, and is not subject to copyright in the United States. estradiol in the male brain (Naftolin et al., 1975) , plus the potency with which this estrogen suppresses LH in castrates, suggest that estradiol may play an important role in regulating LH secretion in the intact male.
The absence of information concerning the effects of castration and simultaneous hormone replacement therapy on the patterns of LH secretion in the acutely castrated male bovine prompted the present investigation. The objectives were 1) to monitor changes in the pattern of LH secretion in the male bovine following castration and 2) to determine the consequences of testosterone or estradiol replacement therapy on the secretory patterns of LH.
Materials and Methods
Twelve Hereford crossbred bulls were castrated at 9 mo of age and randomly assigned to one of three treatments (n = 4). Animals in group I were sham-implanted with empty polydimethylsiloxane (PDS) capsules at the time of castration and served as controls. Group II calves were each implanted with sixteen 30-cm testosterone-filled PDS capsules and group III calves each received one 27-cm estradiol-filled PDS capsule. The PDS capsules were prepared from Silastic medical grade tubing 6 (3.35 mm id x 4.65 mm od) and filled with crystalline testosterone or estradiol-17/3 ~ as described elsewhere (Schanbacher, 1980b) . The capsules were placed sc over the ribs as described previously for cattle (Schanbacher, 1981) . No complications were observed with the implants.
Blood was collected by jugular venipuncture at the time of castration (between 0800 and 0900 h on d 0) and at frequent intervals through d 18. Four weeks after castration and implantation, all 12 calves were adapted to individual stalls, equipped with a jugular cannula (Intramedic polyethylene tubing , 1.19 mm id x 1.7 mm od) and bled at 10-rain intervals for 6 h, beginning at 1200 h. Blood samples were allowed to clot overnight at 4 C and then centrifuged at 800 • g. The sera were stored at -20 C.
Serum LH concentrations were determined for all samples in a single assay by the double antibody radioimmunoassay procedure described by Schanbacher (1979) . Sensitivity of Dow Corning, Midland, MI. 7 Sigma Chemical Co., St. Louis, MO. 8 Clay Adams, Parsippany, N J, this assay was .5 ng NIH-LH-B10/ml and the intra-assay coefficient of variation for duplicate determinations was < 10%. Serum concentrations of testosterone and estradiol were determined in hourly samples taken during the 6-h intensive bleed at wk 4. Testosterone was measured by a direct double antibody radioimmunoassay with a sensitivity of 100 pg/ml , whereas estradiol was measured by an extraction, charcoal precipitation assay (D'Occhio et al., 1982b) . Sensitivity of the latter assay was 2 pg/ml. The intra-assay coefficient of variation was <10% for testosterone and <12% for estradiol. The percentage of testosterone and estradiol not bound to serum proteins was determined by the procedure of Hammond et al. (1980) with slight modification. In brief, tritium-labelled testosterone or estradiol were added together with 14C-glucose to duplicate serum samples. The serum was incubated at 37 C for 1 h and then transferred to glass tubing (10 mm id x 40 mm) fitted with a dialysis membrane (MW exclusion 6 to 8,000) at one end. These tubes were placed on filter paper inside screw-cap glass mini-vials and centrifuged at 3,000 • g for 1 h (37 C). The differential movement of steroid and glucose across the dialysis membrane was used to calculate the percentage free steroid according to the formula: %free steroid = 3 H-steroid (dpm) 14C-glucose (dpm) Filtrate tac-glucose (dpm) x 3 H_steroid (dpm) Retained serum X 100.
The mean intra-assay coefficients of variation for determining free estradiol and testosterone were 5.4 (n = 4) and 6.2% (n = 4) while the interassay coefficients of variation were 7.3 (n = 3) and 9.2% (n = 3), respectively.
Treatment effects on circulating concentrations of LH, testosterone and estradiol were evaluated by one-way analyses of variance while the postcastration rise in serum LH was evaluated by a split-plot analysis of variance (Steel and Torrie, 1960) .
Results
The LH responses to castration and steroid replacement therapy are shown in figure 1. Serum LH concentrations in the controls increased from 1.8 +-.2 ng/ml to a plateau of 5.3 +-.2 ng/ml during the first week following castration. Testosterone-and estradiol-implanted calves also showed an initial rise in serum LH with peak concentrations observed on the 4th or 5th d after castration and steroid treatment. Unlike the control calves, mean LH concentrations decreased thereafter to pretreatment levels in estradiol-implanted calves (2.1 + .3 ng/ml) and intermediate levels in testosteroneimplanted calves (4.9 + 1.2 ng/ml). Mean serum concentrations of LH, testosterone and estradiol after 4 wk of treatment are presented in table 1. The elevation in serum testosterone in testosterone-treated calves was accompanied by a small, but significant increase in serum estradiol. In contrast, serum testosterone concentrations remained low in estradiol-treated calves. The concentration and percentage of free steroid in the circulation of control and steroid-treated calves are also presented in table 1. Because of the similarity in the percentages of free steroid determined for these calves, the amounts of free testosterone and estradiol were proportional to the total amounts of these steroids in blood.
The patterns of LH secretion in castrates and castrates given testosterone or estradiol replacement therapy are shown in figure 2. Each of the four sham-implanted calves showed distinct pulses of LH release that occurred at intervals of 85 -+ 5 min. These pulses were also of high amplitude, i.e., mean peak concentrations were 11.2 -+ 1.4 ng/ml. Two of the testosteroneimplanted steers had LH profiles that were similar to those of controls. However, both the number of LH pulses and basal LH concentrations were markedly suppressed in the other two steers implanted with testosterone. Pulses of LH were not observed in estradiol-implanted steers and these animals were characterized by low, stable serum LH concentrations.
Discussion
The objectives of this study were to characterize the LH secretory pattern in the male bovine following castration and to determine the effects of chronic treatment with testosterone and estradiol. Previous investigations in this species have demonstrated an increase in mean circulating concentrations of LH in castrates (McCarthy and Swanson, 1976; Bass et al., 1979; Lacroix and Pelletier, 1979; D'Occhio et al., 1982a) ; however, the present report is the first to describe a rhythmic, pulsatile mode of LH secretion for steers. The pattern of LH secretion in steers is, therefore, very similar to that described for castrates of other species (Gay and Sheth, 1972; D'Occhio et al., 1982b) . In contrast to this rhythmic pattern of secretion, intact bulls secrete LH in discrete pulses (episodes) that are of low frequency and low bEach steer received one 27-cm estradiol capsule.
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amplitude (Katongole et al., 1971; Karg et al., 1976; Schanbacher, 1979; 1981) . The pattern of LH secretion in testosteroneand estradiol-implanted steers during the first few days after castration and steroid replacement therapy was also of interest. The conspicuous LH peak observed in steroid-treated steers on d 4 and(or) 5 was unexpected. Kesner et al. (1981) recently reported that estrogen-treated steers exhibit an LH surge comparable to that of estrogen-treated cows if exogenous luteinizing hormone releasing hormone (LHRH) is also provided. Because LHRH was not administered in the present study, it remains to be determined whether the LH peak observed in implanted steers is a consistent feature of this model.
The rhythmic pulsatile pattern of LH release observed in castrates is believed to result from a LHRH pulse generator located in the medial basal hypothalamus (Blake and Sawyer, 1974; Levine and Ramirez, 1980) . In support of this theory, low-dose, pulsatile administration of exogenous LHRH is capable of reproducing the pulstatile pattern of LH secretion in rams (Lincoln, 1979) and bulls Furthermore, neutralization of endogenous LHRH by passive (Lincoln and Frazer, 1979) or active immunization against LHRH results in cessation of pulsatile LH release and failure of animals to respond to exogenous LHRH.
The increased frequency of pulsatile LH release in castrates suggests that the LHRH pulse generator is normally suppressed by gonadal steroids. Indeed, progesterone and estradiol suppress LH secretion in ovariectomized heifers (Beck et al., 1976 ) and a recent study by Rahe et al. (1980) demonstrated that frequency and amplitude modulation of pulsatile LH release occurs during the course of the bovine estrous cycle. The findings reported herein suggest that testosterone and estradiol can likewise modulate the pattern of LH secretion in the male bovine.
Inhibition of pulsatile LH secretion in only two of the four steers implanted with testosterone suggests that the dosage employed may have been near the threshold level required for LH suppression. Although serum testosterone concentrations achieved with the subdermal implants in this study were similar to those observed in intact bulls, a recent study in male sheep has indicated that relatively small increments in serum testosterone are capable of causing a dramatic change in the pattern of LH secretion (D'Occhio et al., 1982b) . Another possible explanation for the lack of LH suppression in two testosterone-implanted steers may involve differences in the amount of free steroid in the circulation available for feedback inhibition on LH. It is interesting to note that the two steers that did not respond to testosterone also had lower concentrations of free testosterone.
In seems unlikely that direct feedback effects of testosterone are required for LH suppression because estradiol-implanted steers, which had no appreciable testosterone, were characterized by low serum LH concentrations. Although this does not preclude the possibility of a direct involvement of testosterone in LH suppression, the effectiveness by which free testosterone exerts feedback on LH secretion might be related to the ability of free testosterone to be converted to estrogen. In this regard, the two testosterone-implanted steers that showed LH suppression also had the highest concentrations of both total and free serum estradiol for this group. These data, therefore, support the contention that systemic and central aromatization of testosterone is an important part of the testicular steroid feedback signal that regulates LH secretion (Naftolin et al., 1975) .
Relatively low serum estradiol concentrations (10 pg/ml) were effective in blocking pulsatile LH release in estradiol-implanted steers. We have reported a similar effect of these estradiol implants in intact, pubertal age bulls (Schanbacher, 1981; . It was concluded in these latter studies that exogenous estradiol interferes with pulsatile LH release and testicular development by acting at the level of the LHRH pulse generator. A similar conclusion has been made from a study in which long-term castrated steers were infused with estradiol (D'Occhio et al., 1982a) . Collectively, these findings demonstrate that estradiol is a particularly potent inhibitor of LH secretion in the male bovine and suggest that one important site for gonadal steroid feedback on LH secretion may be at the level of the hypothalamus.
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